Previous attempts to maintain human spermatozoa without freezing were based on short-term storage in component-rich medium and led to fast decline in motility and increased incidence of chromosome breaks. Here we report a new method in which sperm are maintained without freezing in an electrolyte-free medium (EFM) composed of glucose and bovine serum albumin. Human sperm were stored in EFM or human tubal fluid medium (HTFM) or were cryopreserved, and their motility, viability, and DNA integrity were examined at different intervals. Cryopreservation led to significant decline in sperm motility and viability and induced DNA fragmentation. Sperm stored in EFM maintained motility and viability for up to 4 and 7 wk, respectively, much longer than sperm stored in HTFM (,2 and ,4 wk, respectively). DNA integrity, assessed with comet assay, was also maintained significantly better in EFM than in HTFM. One-week storage in EFM yielded motility and viability similar to that of cryopreserved sperm, but DNA integrity was significantly higher, resembling that of fresh sperm. After several weeks of storage in EFM, sperm were able to activate oocytes, undergo chromatin remodeling, and form normal zygotic chromosomes after intracytoplasmic sperm injection. This study demonstrated that human spermatozoa can be stored in EFM without freezing for several weeks while maintaining motility, viability, and chromatin integrity and that 1-wk storage in EFM offers better protection of sperm DNA integrity than cryopreservation. Sperm storage in EFM may become a viable option for the physicians working in assisted reproduction technology clinics, which would avoid cryodamage.
INTRODUCTION
Cryopreservation is the most common way of storing human sperm and represents a valuable asset in management of male infertility [1] . It is mandatory in cases of donor sperm insemination and essential for preserving sperm before patients undergo cancer therapy. It is also often used in assisted reproduction cases where the male partner's profession requires long absences from home (e.g., military). Cryopreservation in combination with intracytoplasmic sperm injection (ICSI) is also being offered to infertile men with poor sperm parameters. Despite its popularity, cryopreservation leads to a significant decline in sperm quality, including significant DNA damage [2] .
Considering the negative aspects of cryopreservation, alternative approaches are needed.
In mice, various methods of sperm storage without freezing have been tried, such as evaporative drying [3, 4] or storage in salt and sugars [5] . In humans, previous attempts to maintain spermatozoa without freezing were based mostly on short-term (up to 96 h) storage in TEST-yolk buffer (medium prepared from egg yolk and two buffers, TES and Tris) [6] [7] [8] . In that approach, sperm motility began to decline after 24 h of storage [8] , and when sperm chromosomes were examined after storage, an increased frequency of structural aberrations was reported [9, 10] . Storage in culture medium was equally ineffective [11, 12] .
Quick deterioration of sperm functions followed by DNA damage may be due to the presence of ions in the surrounding medium coupled with sperm membrane changes occurring during storage at nonphysiological temperatures. Many sperm features depend on ion permeability changes modulated by environmental cues [13] . Sodium-potassium-dependent ATPase, which regulates proper intracellular concentration of sodium, is highly sensitive to hypothermia. At low temperatures, reduction of its activity impairs proper functioning of the sodium pump, resulting in uptake of sodium ions from extracellular milieu. Sodium ions were shown to be detrimental to the nucleus and DNA [14, 15] . This mechanism may be responsible for hampering cell preservation at low temperatures. Thus, depleting the sperm preservation solution of ions may enable inhibition of cell damage [16, 17] .
We previously reported successful maintenance of human sperm motility and viability during freezing-free storage in electrolyte-free medium (EFM) and demonstrated that this sperm storage method is compatible with obtaining live offspring in a mouse model [18] . Here, we expanded our previous work and, using a new cohort of ejaculates, carried on a direct comparison of four storage methods: storage in electrolyte-free medium, storage in conventional sperm handling medium, storage as unwashed semen, and cryopreservation. We assessed the ability of these approaches to preserve sperm motility and viability and to test whether they induce, and to what extent, sperm DNA fragmentation. We demonstrated that freezing-free storage in electrolyte-free medium is more beneficial than other freezing-free sperm storage methods and that the method enables maintenance of sperm motility, viability, and chromatin integrity for several weeks. Importantly, we provide evidence that short-term (up to 1-wk) storage in electrolyte-free medium is more beneficial than cryopreservation because it does not induce DNA fragmentation, which inevitably occurs during freezing of sperm.
MATERIALS AND METHODS

Chemicals
Mineral oil was purchased from Squibb and Sons (Princeton, NJ), and equine chorionic gonadotropin (eCG) and human chorionic gonadotropin (hCG) were from Calbiochem (San Diego, CA). All other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO) unless otherwise stated. For preparation of electrolyte-free medium, bovine serum albumin (BSA; .98%) from Sigma (catalog no. A7906) was used; more information about this product can be find on the vendor's website.
Animals
Female B6D2F1 oocyte donors for ICSI were obtained at 6 wk of age from the National Cancer Institute (Raleigh, NC) and allowed to mature to 8-10 wk prior to hormonal stimulation and oocyte retrieval. The mice were fed ad libitum with a standard diet and maintained in a temperature-and lightcontrolled room (228C, 14L:10D cycle), in accordance with the guidelines of the Laboratory Animal Services at the University of Hawaii and guidelines presented in National Research Council's Guide for Care and Use of Laboratory Animals (Institute for Laboratory Animal Research, National Academy of Science, Bethesda, MD, 2011). The protocol for animal handling and treatment procedures was reviewed and approved by the Animal Care and Use Committee at the University of Hawaii.
Human Sperm Samples
Ejaculates were obtained from men presenting for infertility treatment at the Pacific In Vitro Fertilization (IVF) Institute at Kapiolani Medical Center, Honolulu, Hawaii, and would otherwise have been discarded. The samples were provided without identification of any kind or information regarding history or diagnosis. Thus, the research does not involve human subjects as defined under Health and Human Services Protection of Human Subjects Regulations (45CFR Part 46.102(f). After at least 48 h of abstinence, the men produced semen samples by masturbation, which were collected in sterile sample containers and delivered to the laboratory within 2 h of ejaculation. A basic semen analysis was performed according to WHO criteria [19] .
Media
Freezing-free sperm storage was done in EFM (0.33 M glucose, 3% BSA) [16] or human tubal fluid medium (HTFM; catalog no. ART-1006; Quinn's Sperm Washing Media; Cooper Surgical Inc., Trumbull, CT). HTFM was also used to revitalize sperm stored in EFM and to wash and resuspend sperm after cryopreservation. The conductivity of EFM medium was 0.41 mS/cm and that of HTFM was 11.8 mS/cm (measured with Horiba conductivity meter model B-173). Sperm were cryopreserved in freezing medium (TYB with glycerol and gentamicin; catalog no. 90128; Irvine Scientific, Santa Ana, CA). Oocyte collection and subsequent manipulation, including microinjections, were done in HEPES-buffered CZB medium (HEPES-CZB) [20] . Culturing of sperminjected oocytes and embryos was done in CZB medium [21] .
Sperm Cryopreservation
Aliquots of liquefied semen were mixed 1:1 with cryoprotectant. Cryoprotectant was added drop wise, with mixing between additions, providing sufficient time between additions to allow equilibration of the glycerol. Semen samples were transferred into cryovials, cooled for 30 min at 48C, transferred to liquid nitrogen vapors for 15 min, and then stored in liquid nitrogen. To thaw, samples were transferred from liquid nitrogen to a room temperature water bath and kept there until thawed. To remove cryoprotectant, sperm samples were washed (1000 3 g, 10 min, room temperature) and resuspended in HTFM.
Unwashed Semen Storage
For unwashed semen storage, portions of unprocessed ejaculates were divided into aliquots that were transferred into individual 0.2-ml tubes and stored at 48C until the analysis.
Sperm Storage in Electrolyte-Free Solution
The method of sperm preparation for storage in electrolyte-free solution was adapted from the method reported by Saito et al. [16] and described in our previous publication [18] . Briefly, 1 ml of semen was placed on the top of a discontinuous Percoll gradient consisting of 1 ml of 66% (vol/vol) Percoll, 0.5% BSA, 0.33 M glucose; 4 ml of 44% (vol/vol) Percoll, 1.5% BSA, 0.33 M glucose; and 3 ml of 22% (vol/vol) Percoll, 2.5% BSA, and 0.33 M glucose. The column was centrifuged for 20 min at 400 3 g at room temperature. After centrifugation, the pelleted sperm were resuspended in 0.4 ml of EFM and then divided into aliquots. Samples of sperm suspended in EFM had a pH level of 7.0, and this pH did not change during the entire storage time. The conductivity of EFM-stored samples remained below 0.5 mS/cm during the entire storage time; it decreased gradually to ;0.1 mS/cm less than the initial measurement after 4 wk of storage.
Fifteen-microliter aliquots of sperm suspension were transferred into 0.2-ml tubes and stored at 48C. To revitalize sperm, an equal volume (15 ll) of electrolyte-containing HTFM was added, and sperm were incubated for 10 min at 378C.
We also carried on sperm preparation for storage with a mini-column, which was built up in a 1.5-ml tube and consisted of Percoll gradient as follows: 0.1 ml of 66% Percoll (vol/vol), 0.5% BSA, 0.33 M glucose; 0.4 ml of 44% Percoll (vol/vol), 1.5% BSA, 0.33 M glucose; and 0.3 ml of 22% (vol/ vol), 2.5% BSA, and 0.33 M glucose, overlaid with 25-100 ll of semen.
Sperm Storage in HTFM
A portion of semen was mixed with HTFM (1:1) and centrifuged at 400 3 g for 20 min. The sperm pellet was resuspended in HTFM and divided into aliquots. Thirty-microliter aliquots of sperm suspension were transferred into 0.2-ml tubes and stored at 48C. Samples of sperm suspended in HTFM had a pH level of 7.5, and this pH did not change throughout the entire storage time. The conductivity of HTFM-stored samples remained above 9 mS/cm during the entire storage time; it decreased gradually to ;1.5-2 mS/cm less than the initial measure after 4 wk of storage.
Sperm Motility and Viability Analysis
Sperm motility analysis was performed manually by an experienced sperm analyst, according to the protocol recommended by WHO [19] . Three independent scorings per sample were done, and the final result was expressed as the mean. Sperm were considered motile if they showed any signs of flagellar activity. Generally, we did not differentiate between a, b, c, and d grades of motility (except for experiments in which we modified poststorage sperm preparation to improve sperm motility) because we knew from our past work [18] that sperm stored without freezing retain residual motility only. Thus, for us, sperm motility was used as a marker of unquestionably live sperm and not a factor enabling successful fertilization. Sperm viability was assessed using a Live/Dead sperm viability kit (cat. no L-7011; Invitrogen-Molecular Probes, Chicago, IL). Viable and nonviable sperm were differentiated based on their ability to bind fluorescent dyes (SYBR 14 and propidium iodide). Live sperm with intact cell membranes fluoresced bright green, while cells with damaged cell membranes fluoresced red. At least 100 sperm per sample were counted for both motility and viability scorings.
Comet Assay
Comet assay was performed using the Trevigen kit (catalog no. 4250-050-K; Trevigen, Gaithersburg, MD) under neutral conditions as we described previously [22] . For each sample tested, 50 DNA tails were photographed and analyzed. The length of each tail was measured from the center of the comet to the end of the tail, using ImageJ software [23] , and each tail was categorized as one of four tail types, reflecting the severity of DNA damage: 1, short tail; 2, long tail, with a majority of DNA still in the head; 3, long tail with DNA evenly distributed throughout; and 4, long tail, with most of the DNA at the distal portion (balloon shape) [22] . The severity of DNA damage increases proportionately with tail length and with tail type, from 1 to 4.
Intracytoplasmic Sperm Injection
The oocytes for ICSI were collected from superovulated (5 IU of eCG and 5 IU of hCG given 48 h apart) female mice. Injections were performed as described previously [24] , with modifications to adjust for use with human sperm [18] , within 1-2 h from oocyte collection and sperm revitalization. Motile sperm were chosen for injections; if motility was not detectable, viable sperm were identified using a modified hypo-osmotic swelling test [25] , and STORAGE OF HUMAN SPERMATOZOA WITHOUT FREEZING 537 only such sperm were used. Sperm-injected oocytes were transferred into CZB medium and cultured at 378C. The survival of ICSI oocytes was scored 1-2 h after the commencement of culture. The activation of ICSI oocytes was scored 6 h after the commencement of culture; the oocytes with two well-developed pronuclei and extruded second polar body were considered activated. Activated oocytes were used for chromosome analysis.
Sperm Chromosome Analysis
Chromosome preparation and analysis were performed as we described previously [18, 26] . Human sperm chromosomes were easily distinguished from mouse oocyte chromosomes on the basis of their morphology. Among the paternal chromosome aberrations, we differentiated between minor (1-9 aberrations per karyoplate examined) and multiple (.9 aberrations, scored always as 10 aberrations per oocyte) aberrations. In addition to scoring normal versus abnormal karyoplates, we also calculated the incidence of chromosome aberrations, i.e., aberration rate, which represented the total number of aberrations divided by the number of oocytes examined.
Experimental Design and Statistical Analyses
From 31 ejaculates utilized in the study (Table 1) , 12 ejaculates were used for testing four storage methods, and 19 ejaculates were used to refine storage in EFM and for other additional testing. In the former group, a portion of each ejaculate was secured for ''fresh sperm'' control, and the remainder was divided into four parts that were subsequently subjected to four storage methods: storage in EFM, storage in HTFM, cryopreservation, and storage as unwashed semen. Samples were subjected to sperm motility and viability scorings and comet assay at different time points (Table 2) . Sperm from some fresh and EFM-preserved samples were also subjected to ICSI, followed by zygotic chromosome analysis.
For motility, viability, ICSI, and chromosome analyses, the Fisher exact test and/or the two-tailed sign test and/or Mantel-Haenszel chi-square test was applied. For comet assay, the proportion of sperm tail types was compared between pairs of storage methods in 232 tables, stratified by semen donors, using the Mantel-Haenszel chi-square test. Similarly, tail lengths were categorized as ,150 lm versus .150 lm, and the proportions of tail length types were compared across storage methods, stratified by semen donors by using the Mantel-Haenszel chi-square test. One-way ANOVA was applied for motility analyses in pentoxifylline and ''low sperm number'' experiments. For all statistical tests, differences with a P value of ,0.05 were regarded as significant.
RESULTS
Ejaculate Classification
Twelve ejaculates were used for testing four storage methods (Table 1 , ejaculates in boldface type). Among these, six ejaculates had normal sperm parameters, while the remaining six ejaculates were classified as abnormal, with characteristics of asthenozoospermia (,50% motile sperm), oligozoospermia (,20 3 10 6 sperm/ml), teratozoospermia (,15% morphologically normal), and oligoasthenozoospermia.
Cryopreservation Results in Significant Decrease of Sperm Motility, Viability, and Chromatin Integrity
The consistency of cryopreservation was confirmed by comparing post-thaw results of three samples from the same preparation; no statistically significant differences between these samples were found in percentages of motile and viable sperm and in average comet tail lengths (data not shown). Sperm from 10 ejaculates ( Table 1 , except for ejaculates N1 and N2) were subjected to cryopreservation and were examined for motility, viability, and chromatin integrity measured with comet assay before and after freezing. Cryopreservation resulted in loss of both motility and viability (P ¼ 0.002, two-tailed sign test). The decrease in motility ranged from 29.6% to 67.7% of the fresh samples (mean 6 SEM: 48.7% 6 4.0%) and was more pronounced in normal ejaculates (40.1% 6 6.7% vs. 54.5% 6 3.8%, P , 0.05, for normal and abnormal ejaculates, respectively). The decrease in viability ranged from 40.3% to 70.9% (mean 6 SEM: 55.2% 6 2.7%), with normal and abnormal ejaculates similarly affected (58.7% 6 4.2% vs. 53.0% 6 3.6%, P . 0.05, for normal and abnormal ejaculates, respectively). Sperm chromatin integrity measured by average comet tail length was also significantly negatively affected by cryopreservation, with normal and abnormal ejaculates similarly affected (P ¼ 0.002 [ Table 3 ]). 
Unwashed Semen Storage Leads to Quick Sperm Deterioration and Is Unsuitable for Sperm Preservation
Sperm from 12 ejaculates (Table 1) were stored as unwashed semen at 48C for 3 days. Sperm motility and viability were assessed daily, and comet assay was performed on Day 3. Storage as unwashed semen led to a fast decline in both sperm motility and viability (Fig. 1, A and B) . On Day 3, average motility was less than 1%, and average viability was 20% and 8.5% for normal and abnormal ejaculates, respectively. In comet assay, average comet tail length increased by ;1.5 times in both normal and abnormal ejaculates, indicating significant DNA damage (Fig. 1C) . The comparison of fresh and Day 3 samples indicated significant difference for motility and viability (P ¼ 0.002) and for comet assay (P , 0.0001). The increase in mean comet tail length after 3 days of storage was significant for both normal (P ¼ 0.0034) and abnormal (P , 0.0001) samples.
Sperm Preserved in EFM Maintain Motility, Viability, and Chromatin Integrity for Several Weeks
Sperm motility declined over time during storage in EFM ( Fig. 2A ). There was a significant difference (P , 0.03) between the motility rate of the normal ejaculates and that of abnormal ejaculates between 3 and 17 days of storage, with abnormal ejaculates reaching a plateau earlier (;Day 10 vs. Day 21, respectively). The motility rate (mean 6 SEM) after a week of storage was 26.7% 6 5.0% for normal and 12.3% 6 3.0% for abnormal ejaculates. Despite a decline over time, motile sperm could be found in both groups after 28 days of storage (normal: ejaculates N1, N4, and N5, 1.9%, 2.1%, 2.3%, respectively; abnormal: ejaculates N20 and N21, 0.1% and 4.7%, respectively); and in three ejaculates, a few motile sperm were still present after 31 days of storage (ejaculates N5, N20, N21, 1.3% for all).
When sperm stored in EFM were analyzed for viability, decline over time was observed in both normal and abnormal ejaculates (Fig. 2B ). There was a significant difference (P , 0.03) between the viability rate of the normal group and that of the abnormal group during the first 4 wk, with abnormal ejaculates declining faster. The viability rate (mean 6 SEM) after a week of storage was 58.9% 6 4.3% for normal group and 36.6% 6 8.2% for the abnormal group. After 7 wk of storage, viable sperm could be found in four samples (normal: ejaculates N1, N4, N5, 2.7%, 1.2%, 1.1%, respectively; abnormal: ejaculate N20, 0.2%).
The chromatin integrity of human spermatozoa stored in EFM was assessed using comet assay over a period of 10 wk. The average comet tail length reflecting the level of DNA damage increased over time in both normal and abnormal samples, reaching a plateau at the sixth and fifth weeks, respectively (Fig. 2C ). There were significant differences (P , 0.05) between the average comet tail lengths of sperm from normal ejaculates and those of abnormal ejaculates starting from the second week of storage, with sperm from normal ejaculates deteriorating faster than those from abnormal ejaculates.
Sperm Preserved in EFM Maintain Motility, Viability, and Chromatin Integrity Better Than Sperm Stored in HTFM or Cryopreserved Sperm
The motility of sperm preserved with EFM was maintained longer than that of sperm stored in HTFM (Fig. 3A) . The difference in average sperm motility between these two storage methods was statistically significant during the first 17 days of storage (P , 0.007). After a week of storage in HTFM, sperm from only 5 of 12 ejaculates retained some (,4%) motility, and before the end of 2 wk of storage, no motile sperm could be found in any of the samples. On the contrary, 1-wk storage in EFM allowed retention of motility in all ejaculates (average STORAGE OF HUMAN SPERMATOZOA WITHOUT FREEZING 539 motility was 32% for normal and 12% for abnormal ejaculates), and in some samples, motile sperm could be found after 4 wk of storage. Sperm stored in EFM for 1 wk had motility similar to that of cryopreserved sperm (Fig. 3A) ; the average motility (mean 6 SEM) for cryopreserved samples and sperm stored in EFM for 1 wk was 22.3% 6 2.35% and 22.3% 6 6.51%, respectively. The viability of sperm was also much better preserved in EFM than in HTFM (Fig. 3B) . The difference in average viability between these two storing methods was statistically significant during the first 4 wk of storage (P , 0.002). After 2 wk of storage in HTFM, only 4 of 12 ejaculates retained viable sperm (ejaculate N2, 2.4%; ejaculate N3, 10.9%; ejaculate N4, 17.7%; ejaculate N5, 4.3%); and after 4 wk, only one ejaculate retained viable sperm (N4, 0.8%); these were all normal ejaculate samples. On the contrary, storage in EFM for 4 wk allowed sperm viability to be maintained in 9 of 12 ejaculates, and in 4 ejaculates (3 normal and 1 abnormal), viable sperm were found after 7 wk of storage. Sperm stored in EFM for 1 wk had viability similar to that of cryopreserved sperm (Fig.  3B) ; the average viability (mean 6 SEM) for cryopreserved sperm samples and for sperm samples stored in EFM for 1 wk was 46.1% 6 2.42% and 47.7% 6 5.55%, respectively.
Comet tail length reflecting DNA fragmentation increased after storage in both EFM and HTFM, reaching plateaus at the sixth and seventh weeks, respectively. The comet tails were overall shorter after storage in EFM (Fig. 3C) . The chromatin integrity of EFM samples was maintained significantly better than that of HTFM samples during the first 4 wk of storage (P , 0.01). Sperm stored in EFM for 4 wk had DNA integrity similar to that of cryopreserved sperm (Fig. 3C) ; the average comet tail length (lm; mean 6 SEM) for cryopreserved samples and sperm stored in EFM for 4 wk was 206.7 6 7.08 and 225.8 6 13.76 (P ¼ 0.2473), respectively.
Comparison of three storage methods (1-wk storage in EFM, in HTFM, and cryopreservation), with fresh sperm serving as a reference, also supported the fact that storage in EFM is an optimal method for maintaining sperm chromatin integrity (Fig. 4) . Sperm stored in EFM for 1 wk maintained chromatin integrity better than cryopreserved sperm in 90% of the analyzed samples and significantly better (P , 0.05) in 80% of the samples (Fig. 4A) . Of 10 ejaculates, there was only 1 ejaculate (N6) in which cryopreserved sperm had less DNA damage than sperm stored in EFM. While cryopreservation resulted in significant decline in DNA integrity in all samples, only 30% of samples stored for 1 wk in EFM expressed impairment in this parameter compared to fresh sperm.
When we looked at the distribution of comet tail lengths, the majority of average comet tails after storage in EFM were within a range of 50-150 lm, similar (P ¼ 0.17) to that of fresh samples (Fig. 4B) . In contrast, the majority of average comet tail lengths after storage in HTFM and after cryopreservation were greater than 150 lm (P , 0.0002 in a comparison with fresh sperm and with sperm stored in EFM).
In addition to comet tail length, classification of comet tail type can also give an indication of the level of DNA damage [22] . Based on the distribution of comet tail types, no differences (P ¼ 0.26) were observed between fresh samples and samples stored for 1 wk in EFM; the majority of comets were classified as tail type 1 or 2, reflecting the lowest level of DNA fragmentation (Fig. 4C) . On the contrary, in cryopreserved samples and samples stored in HTFM, the majority of comets were categorized as either type 3 or type 4, reflecting the highest degree of DNA fragmentation. There were no differences (P ¼ 1.000) in comet tail types between the cryopreserved and stored in HTFM samples; both of these preservation types yielded significantly fewer type 1 comet tails than fresh or EFM sperm (P , 0.001).
Sperm preparation for storage in EFM but not for HTFM included Percoll gradient centrifugation. Thus, sperm of better quality were preselected for storage in EFM. To determine whether the beneficial effect of EFM (Figs. 3 and 4 ) was due to storage conditions or to preparation method, we compared sperm stored in EFM, HTFM, and HTFM after Percoll gradient centrifugation (HTFMþP) (Fig. 5) . Sperm motility after preparation with density gradient centrifugation was higher FIG. 2. Maintenance of sperm motility, viability, and chromatin integrity during storage in EFM is shown. Motility (A), viability (B), and chromatin integrity reflected by average comet tail length (C) are shown. Each data point represents a mean value from measures of six normal ejaculates: N1, N2, N3, N4, N5, N11; or six abnormal ejaculates: N6, N8, N9, N10, N20, N21 (Table 1) . Fifty sperm were scored per sample per time point in the comet assay. A value of ''0'' represents motility and viability scoring done immediately after sperm preparation for storage and comet assay data obtained with fresh unprocessed semen. Error bars ¼ SEM.
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than that of sperm prepared by conventional centrifugation (80.1% and 78.6% vs. 57% for EFM, HTFMþP, and HTFM, respectively, P , 0.0001). However, EFM maintained motility significantly better than HTFM (both HTFM and HTFMþP groups) during the entire storage time (P , 0.0001). After 2 wk, there were no motile sperm in either HTFM group, while motile sperm could be found in the EFM group after 3 and 4 wk of storage (5.2% and 0.3%, respectively [ Fig. 5A]) . A similar situation occurred with sperm viability: increasing the proportion of viable sperm by density gradient centrifugation did not result in improvement of viability after storage. In both HTFM groups, viability fell below 2% after 2 wk and was lost by 3 wk of storage, while 13.7% of viable sperm could still be found in samples stored in EFM for 4 wk (Fig. 5B ). There were no differences in average comet tail lengths after preparation with and without density gradient centrifugation, but EFM maintained DNA integrity better than HTFM and HTFMþP during the remaining storage time (P , 0.0001 [ Fig. 5C]) . These data support the fact that the beneficial effect of EFM (Figs. 3 and 4) is due to storage conditions and not to inclusion of density gradient centrifugation. Further support for this is provided in Supplemental Figure S1 (available online at www. biolreprod.org), showing the results of a comparison of sperm from one ejaculate stored in EFM and HTFM prepared with (þP) and without (ÀP) inclusion of Percoll density gradient (EFMþP, EFMÀP, HTFMþP, HTFMÀP). (Table 1 , boldface type). Fifty sperm were scored per sample per time point in the comet assay. A value of ''0'' represents motility and viability scoring after sperm preparation for storage and comet assay data obtained with fresh unprocessed semen. Dashed lines lead to a point representing a mean value from measures of cryopreserved sperm from the same ejaculates (n ¼ 10 [see Table 2 , excluding ejaculates N1 and N2). Error bars ¼ SEM.
FIG. 4.
Comparison of sperm storage for 1 wk in EFM, 1 wk in HTFM, and cryopreservation in maintaining sperm DNA integrity is shown. Mean comet tail lengths (A), comet tail length distribution (B), and comet tail type distribution (C) are shown. Fifty sperm were scored per sample per time point in the comet assay. In A, data are shown for 10 individual ejaculates, and in B and C, each graph bar represents a mean value from measures of 10 ejaculates (see Table 1 , boldface, excluding ejaculates N1 and N2). Error bars ¼ SEM.
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Sperm Preserved in EFM Were Effective in ICSI and Yielded Normal Chromosome Complements After Fertilization
Although sperm preserved in EFM maintained motility for several weeks (Figs. 2 and 3) , the proportion of motile sperm was low, and motility was of poor quality. Attempts to improve motility by extending sperm incubation time after revitalization for up to 2 h at 378C and using the motility stimulant pentoxifylline (1 mg/ml) were not successful (data not shown). Thus, fertilization with EFM-stored sperm has to be achieved with ICSI.
Sperm from five samples stored in EFM for 19-42 days were used for ICSI into mouse oocytes to assess their ability to participate in assisted fertilization and their chromosome integrity (Table 4) . Fresh sperm were injected as controls. In both groups, only motile or viable sperm selected by hypoosmotic swelling test were injected. The ability of sperm to activate oocytes, reflected by formation of two mature pronuclei and extrusion of the second polar body, and the incidence of pronuclei stage oocyte arrest were similar after ICSI between sperm preserved in EFM and fresh sperm. The incidence of oocytes with normal paternal chromosomes and the aberration rate of EFM-preserved sperm were also similar to those of fresh sperm after ICSI (85% and 0.24 vs. 89% and 0.28, respectively). There were no differences between preserved samples in any of the parameters tested, except for oocyte arrest, which was higher in ejaculate N6 than in ejaculates N1 and N3 (P ¼ 0.0247 and P ¼ 0.0012, respectively). Ejaculate N6 also yielded high numbers of arrested oocytes after fresh sperm ICSI, suggesting that this sperm impairment was not due to storage.
Three ejaculates (N8, N9, N10) that were preserved in EFM for more than 8 wk did not have any viable sperm available and as such were not included in analyses (Table 4) . However, we injected these nonviable sperm to test for the effect of sperm viability on ICSI outcome. When nonviable sperm were injected, one-third (33%, 16/48) of the oocytes injected arrested and approximately two-thirds (68%, 13/19) of oocytes that progressed beyond the pronuclei stage had severe paternal chromosome fragmentation (aberration rate, 4.58).
Overall, ICSI demonstrated that sperm preserved in EFM for several weeks are functional in assisted fertilization and yield chromosomally normal zygotes as long as they are motile or viable.
Sperm Preparation for Storage in EFM Can Be Adapted for Ejaculates with Low Sperm Number
Storage in EFM allows maintaining motility, viability, and chromatin integrity of sperm originating from both normal and abnormal ejaculates (Fig. 2) . However, ejaculates with low initial ejaculate volume and/or low sperm number may yield too few sperm after storage due to sperm loss during sample preparation. To demonstrate the applicability of sperm storage in EFM for use with ejaculates with extremely low sperm numbers and/or volume, we artificially manipulated these two parameters. Ejaculates were centrifuged (20 min, 400 3 g) to separate seminal plasma and spermatozoa, which were then combined in a variable way, as shown in Table 5 .
When we decreased sperm concentration while maintaining constant ejaculate volume (Table 5) , we demonstrated that a sperm concentration as low as 1 3 10 6 sperm/ml was sufficient to yield enough sperm for storage and subsequent ICSI. When we decreased ejaculate volume while maintaining the same sperm concentration (Table 5) , we showed that a volume as low as 100 ll is still applicable for a standard column (8-ml Percoll gradient) used in sperm preparation for storage. When we decreased ejaculate volume to as low as 100 ll while increasing sperm concentration (i.e., maintaining a constant sperm number [ Table 5 ]), we were also able to recover sufficient numbers of sperm for storage. In all cases, there were no significant differences among the examined groups in terms of maintenance of sperm motility after Percoll separation and after storage in EFM for 3 and 7 days (P . 0.05). Finally, we carried out Percoll separation using a mini-column (Table 5) , which was built up from a 0.8-ml Percoll gradient in a 1.5-ml tube. Decreasing ejaculate volume to as low as 25 ll and sperm number to as low as 0.23 3 10 6 allowed us to obtain enough sperm for ICSI with motility retained until after at least 3 days of storage.
FIG. 5.
Maintenance of sperm motility, viability, and chromatin integrity during storage in EFM and HTFM with and without density gradient centrifugation is shown. Motility (A), viability (B), and chromatin integrity reflected by average comet tail length (C) are shown. Each data point represents a mean value from measures of three ejaculates (see Table 1 , ejaculates N27, N28, N29). Fifty sperm per sample per time point were scored in the comet assay. A value of ''0'' represents measures after sperm preparation for storage. The data shown for EFM and HTFM are the same as those in Figure 6 for PB-EFM and HTFM, respectively. Error bars ¼ SEM.
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Method of Sperm Preparation for Storage in EFM Can Be Modified to Be Acceptable for Processing of Clinical Samples
In preparing sperm for storage in EFM, we followed the original method [16] , which utilizes Percoll for density gradient and BSA as a component of electrolyte-free medium. Because both of these reagents are not accepted for use in clinical settings in many countries, we tested whether BSA could be replaced with Serum Substitute Supplement (SSS; catalog no. 99193; Irvine Scientific, Santa Ana, CA) and Percoll replaced with AllGrad (catalog no. AGSS-100; Life Global, Ontario, Canada). We compared three groups: sperm prepared for storage in EFM using Percoll and BSA (PB-EFM), sperm prepared for storage in EFM using AllGrad and SSS (AGS-EFM), and sperm stored in HTFM without prior density gradient centrifugation (Fig. 6) .
Replacing Percoll/BSA with AllGrad/SSS resulted in lower proportions of motile and viable sperm after preparation and during storage (P , 0.0001 [ Fig. 6, A and B] ). However, both the PB-EFM and AGS-EFM solutions were better for maintaining sperm motility during the first 2 wk of storage and viability throughout than the HTFM solution (P , 0.0001). There were no differences between PB-EFM, AGS-EFM, and HTFM in terms of average comet tail length after preparation and during storage (Fig. 6C) . Both EFM approaches maintained DNA integrity during storage significantly better than HTFM during the entire storage time. Overall, we conclude that EFM sperm storage without freezing is adaptable to a clinical setting.
DISCUSSION
In this study, we demonstrated that storage of human sperm in EFM allows sperm motility, viability, and chromatin integrity to be maintained for several weeks and is more beneficial than other freezing-free sperm preservation methods. Moreover, short-term (1-wk) storage in EFM maintains sperm DNA integrity better than conventional cryopreservation.
Sperm cryopreservation is currently the only commonly used approach to store human sperm, yet it leads to significant decline in sperm viability and motility [18, 27, 28 , and this study]. It is also becoming increasingly clear that cryopreservation leads to DNA damage in sperm [27] [28] [29] [30] [31] [32] and may bring ''hidden'' effects such as disturbed plasma membranes not detectable by supravital staining and changed patterns of intracellular enzyme activities [33] .
For many years, sperm DNA was considered resistant to damage due to its unique packaging with protamines [34] . It is now clear, however, that despite this high compaction, sperm DNA remains vulnerable to environmental stresses and manipulations [35] . Here we have shown that sperm cryopreservation leads to a significant increase in DNA fragmentation, and this damage was observed in both normal and abnormal ejaculates. This finding is in agreement with that of previous studies, which showed that sperm from both fertile and infertile men were susceptible to DNA fragmentation resulting from cryodamage [29, 31, 36] .
Numerous studies have shown that the presence of sperm DNA damage correlates with impaired reproductive outcomes including reduced fertilization rates, impaired preimplantation development, increased risk of pregnancy loss, and morbidity in the offspring [37] [38] [39] [40] [41] [42] . Maintenance of sperm DNA integrity is thus essential for the correct conveyance of chromatin material from one generation to the next, and development of a method that would allow preserving sperm DNA during storage better than cryopreservation is of paramount importance for successful assisted reproduction.
Storage of unwashed semen is perhaps the simplest freezing-free approach, but it is highly detrimental to sperm, which lose motility and viability within the first couple of days [18, and this study]. Here we have provided evidence that such storage also leads to significant DNA fragmentation. Although seminal plasma contains an abundance of antioxidant enzymes (superoxide dismutase and catalase), scavengers (albumin and taurine), and chain-breaking antioxidants (urates, ascorbate, and thiol groups) [43] [44] [45] , which can potentially provide protection against DNA damage, it also contains bacteria and a [46] , and we have previously shown that ejaculated mouse sperm are more sensitive to DNA damage than epididymal sperm because of enhanced nuclease activity present in the ejaculate [22] . Sperm maintained in the sperm handling medium HTFM also lose quality fast. One-week storage led to motility loss in most samples and significant DNA fragmentation, and the viability ceased in most samples within 2 wk of storage. Our data are in agreement with those of past reports, which showed that motility of sperm stored in HTFM decreases to below 10% within a week [47] and that prolonged exposure of sperm to culture medium results in structural chromosome aberrations in humans [10] and in mice [48] .
In our preceding report, we showed that sperm preservation in EFM enabled sperm motility and viability to be maintained for several weeks [18] . Here, we obtained similar results and were able to find motile sperm in the majority of ejaculates after 2 wk and in some of them after 4 wk of storage. Sperm viability was preserved longer, with half of the ejaculates containing viable sperm after 6 wk of storage. Although ejaculates with abnormal sperm parameters were overall more prone to time-dependent motility and to viability decline than normal ejaculates, in all but one ejaculate, motile and viable sperm could be found after at least 1 and 3 wk, respectively. DNA integrity was well maintained during EFM storage and after 1 wk resembled that of fresh sperm. In subsequent weeks, DNA fragmentation, reflected by average comet tail length, increased steadily. Interestingly, sperm from normal ejaculates deteriorated faster than those from abnormal ejaculates. It could be explained by the fact that poor quality sperm from abnormal ejaculates are likely to have weak and damage-susceptible membranes, which allow leakage of the endonucleases that decelerate the process of DNA degradation. A similar phenomenon was described by Thompson et al. [31] , who reported that a correlation between apoptosis (caspase activitypositive) and DNA fragmentation (TUNEL-positive) occurred in selected high-quality sperm but not in poor-quality sperm samples. Those authors proposed that although caspases became activated in poor-quality sperm, these enzymes or their endonuclease targets escaped cells before DNA digestion could occur.
When all freezing-free methods of sperm storage were compared, it was clear that EFM was the best for maintaining sperm quality. One thing to consider is the difference between sperm preparation for storage in HTFM and that in EFM. Sperm preparation for storage in HTFM involved simple ejaculate washing to remove seminal plasma, followed by resuspension in HTFM. Sperm preparation for storage in EFM included density gradient centrifugation, which preselected sperm with better motility and viability. Indeed, when we compared motility and viability before and processing for storage, a significant improvement was noted after preparation for storage in EFM (P ¼ 0.0002 and P ¼ 0.0275 for motility and viability, respectively) but not for storage in HTFM (P ¼ 0.84 and P ¼ 0.38, respectively). However, when we compared sperm stored in HTFM with and without prior density gradient preselection, similar motility, viability, and DNA integrity losses were observed. Also, a comparison of sperm originating from the same ejaculate and prepared for storage in EFM and HTFM with and without density gradient centrifugation supported the fact that it is storage medium (EFM) and not sperm preparation that is beneficial for maintenance of sperm quality during storage.
Can sperm storage in EFM be considered better than conventional cryopreservation? On average, motility and viability scorings of sperm stored in EFM for 1 wk matched those of cryopreserved sperm. However, with respect to chromatin integrity, sperm could be stored in EFM for almost 4 wk before they reached DNA fragmentation equivalent to that of cryopreserved sperm. Although cryopreservation is detrimental to sperm motility, viability, and DNA integrity, it can preserve sperm indefinitely, without further time-related decline in its quality. Therefore, it will remain a vital approach for all situations when long-term sperm storage is necessary. However, in cases where sperm are to be used within a few days after collection, storage in EFM without freezing seems to be a better choice than cryopreservation because it allows obtaining sperm with at least the same motility and viability but with significantly better DNA integrity.
Sperm DNA integrity was measured with the comet assay. One difficulty with this assay is that it does not allow differentiating between viable and nonviable sperm, and therefore, the obtained results reflect the sperm population rather than individual gametes. To examine the quality of individual sperm, we performed ICSI, followed by chromosome analysis. This approach allows assessing the sperms' ability to activate oocytes, form pronuclei, and condense to normal chromosomes, and it was used previously by our group [18, 49] and others [50] [51] [52] [53] [54] . We documented the finding that storage in EFM did not have negative effects on sperms' ability to participate in assisted fertilization; oocyte activation and incidence of pronuclei stage arrest were similar for fresh and preserved samples. Paternal chromosome integrity was maintained as long as injected sperm were viable. This is in agreement with a recent study by Aitken et al. [55] , who elegantly demonstrated that the great majority of sperm with FIG. 6 . Maintenance of sperm motility, viability, and chromatin integrity during storage in EFM without Percoll and BSA is shown. Motility (A), viability (B), and chromatin integrity reflected by average comet tail length (C) are shown. Each data point represents a mean value from measures of three ejaculates (see Table 1 , ejaculates N27, N28, N29). Fifty sperm per sample per time point were scored in the comet assay. A value of ''0'' represents measures after sperm preparation for storage. The data shown for PB-EFM and HTFM are the same as those in Figure 5 for EFM and HTFM, respectively. Error bars ¼ SEM.
STORAGE OF HUMAN SPERMATOZOA WITHOUT FREEZING
DNA fragmentation (TUNEL-positive) and oxidative damage (8OHdG-positive) were nonviable.
The origin of sperm DNA damage is the subject of substantial research and much debate [56, 57] . It was recently suggested that the default pathway for spermatozoa is apoptosis and that it is the presence of prosurvival factors that enables sperm to survive in vivo long enough to participate in fertilization [58] . Consequently, lack of these prosurvival factors in simple culture medium might prompt sperm to revert to an apoptotic state and ultimately undergo DNA fragmentation. However, here we show that simple EFM medium, which does not contain potential prosurvival factors, is still able to prevent sperm from entering an apoptotic pathway, or at least significantly slow down the process.
Some of the proposed and not mutually exclusive causes of DNA damage include direct damage by reactive oxygen species [59, 60] and the action of endonucleases present, either within the sperm or in epididymal fluid [22, [61] [62] [63] . In cryopreservation, the majority of the damage is thought to be oxidative [28, 31] . Of particular importance for this study is the finding that reactive oxygen species can induce DNA damage in the sperm nucleus and mitochondria at levels that are compatible with maintaining sperm motility and a capacity for fertilization [64] . As a result, spermatozoa carrying DNA with oxidative damage could make a significant contribution to the increased levels of miscarriage and childhood disease seen in the offspring of men exhibiting high levels of DNA damage in their spermatozoa [60] . Thus, maintenance of sperm DNA integrity, irrespective of their motility status, is of fundamental importance.
Maintenance of sperm DNA integrity is also of key importance in the context of assisted reproduction technologies (ART). ART, including cryopreservation, are widely used to treat male infertility associated with incomplete protamination. Sperm with chromatin packaging defects are particularly prone to freezing-induced DNA damage [65] . Even if this damage undergoes repair in the oocyte [65] , it can still be harmful because nonhomologous end-joining [66] utilized by oocyte is in itself mutagenic [67] . Thus, increased mutational load across generations as a consequence of ART cannot be excluded [59, 65, 68] . This is supported by a recent study of offspring generated by ICSI using frozen-thawed mouse sperm [69] .
To summarize, we have shown that short-term storage in electrolyte-free medium is currently the best freezing-free approach for human sperm preservation, which is also more beneficial than cryopreservation because it is better able to protect sperm DNA integrity. This method warrants preserving good-quality sperm for subsequent assisted fertilization and can become a valuable approach for clinicians working in ART clinics
